UNCLASSIFIED

AD NUMBER

ADB804233

LIMITATION CHANGES

TO:

Approved for public release; distribution is
unlimted.

FROM:

Di stribution authorized to DoD only;

Adm ni strative/ Operational Use; MAY 1945. O her
requests shall be referred to National
Aeronautics and Space Adm nistration,

Washi ngton, DC. Pre-dates formal DoD

di stribution statenents. Treat as DoD only.

AUTHORITY

NASA TR Server website

THISPAGE ISUNCLASSIFIED




P

- ot

MAY 26 1947 ARR No. 5019

o oA T
e

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

WARTIME REPORT

ORIGINALLY ISSUED
May 1945 as

Advance Restricted Report 5C19 P
A COMPAR.ISON OF ANALYTICALLY AND EXPERIMENTALLY
DETERMINED ISOTHERMAL PRESSURE LOSSES IN A
HEAT-EXCHANGER INSTALLATION
By Wesley H. Hillendahl

Ames Aeronautical Laboratory
Moffett Field, California

At ol

WASHINGTON

NACA WARTIME REPORTS are reprints of papersoriginally issued to provide rapid distribution of
advance research results to an authorized group requiring them for the war effort. They were pre-
viously held under a security status but are now unclassified. Some of these reports were not tech-
nically edited. All have been reproduced without change in order to expedite general distribution.

, oo £y ad SRARY
A-26 “*udGLEY MEMORIAL AKRONAUTIC! !
LABORATORY
Vangley Field, Va




o)

NACA ARR No. 5019

the calculated component pressure losses wlll yleld the over-
all pressure loss in a system where the magnltude and loca-
tion of interference effects are largely unknown. Interfer-
ence effects are defined as those occurring where dlsturbances
in one component cause the flow diestribution at the entry of
another component to be unsymmetrical, thereby affecting the
pressure loss.

This report contains an analysis in which the materilal
in the bldbllography of reference 1 was used to calculate the
pressure losees in a heat-exchanger installation. The 1so-
thermal pressure losses in the installation were measured for
the purpose of provliding an experimental verlflcatlon of the
analytical predictlions. The comparison indlicates the valildity
of the analysis and the magnitude of the interference effects
1n the test installation.

DESCRIPTION OF THE HEAT-EXCHANGER INSTALLATION

Heat exchangers of the tvpe reported herein have found
particular application 1n tke fleld of 1ce preventlon and
cabln heating where they are used to supply an adegquate and
rellable source of heated alr bdr utillislng the waste heat 1n
the englne exhaust gae. The heat-exchanger 1installatlion here-
in descrlbed was developed for use 1In the lce-preventlon sys-
tem of a large alrplane. The heat exchanger 1s located 1n the
exhaust—-gas ducting between the englne and two turbosuper-
chargers which are arrangeé for single or parallel operatilon.
Turbosupercharger 1 is blocked off by a butterfly valve whan
turbosupercharger 2 1s operating alone. When both are operat-
ing in parallel, the flow of exhaust gas 1s adjusted so as to
be divided equally between the turbosuperchargers.

General views and construction detalls of the heat ex-
changer are shown in figures 1 and 3, respectively. 1In a
crogs-flow plate-type heat exchanger, such as the one tested,
the exhaust-gas and alr flow at right angles 1n alternate pas-
sages between formed steel plates, each plate thus forming an
interface through which heat 1s transferred from the exhaust
gas to the alr. At design condltions of 155 miles per hour
and 18,000 feet vressure altitude, a total of 800,000 Btu per
hour i1s to be transferred from 132,000 pounds per hour of ex-~
haust gzas to an egual amount of alr. '

The headers shown in figures 3 and 4 serve as transition
pleces 1n ducting alr and gas into and out of the heat
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exckanger. The branches 1n the exhaust-gas outlet header
lead to the two turbosuperchargers.

AWALYSIS

The i1sothermal pressure losses 1n each component of the
test lnstallation were calculated as follows: The shape of
the component was compared to those on which data (usually
shown in graphs) were published, and where simllarity existed
the data were applied to the component. The loss factor cor~
regponding to the dimensions of the component was then read
from the reference data and multiplied by the local veloclty
head to obtain the pressure loss, Where losses in a compo-
nent resulted from a combination of effects (i.e., diffusion,
turning, contraction) eamch effect was 1solated, the corre-
snonding loss calculated, and the results added tc give the
total loss.

Air-Side Losses

Inlet-header losses.- The alr inlet header 1s shown in
flirure 3(a) to conslst of a vaned elbow superimposed on a
diffuser, The loss in the elbow was computed using data on
vaned elbows published in reference 2 where the pressure-loss
factor 18 plotted as a function of the s8/ec or gav/chord
ratio in the vanes. This value ranged from 0.48 to 0.62, and
the corresponding loss 1s approximately 25 percent of the ve-
locity head at the header entrance, At the design flow reto
of 12,000 pounds per hour, the velocity head 1e 0.90 inch oI
water and the turning loss 1s 0.226 lnch of water.

The loss caused by the expansion in area was computed
using data on straight diffusers which appear in refereznce 3,
If the expeansion 18 assumed to occur principally in the vanes,
an effective angle of divergence, based on the length of the
vanes (3 to 7 in.) and the ratio between the inlet and outlet
areans (Az/A; = 2.3), has a value between 11° and 23°. The
correeponding loss factor 1s about 20 percent of the change
in velocity head through the vanes, which at the deslgn flow
rate 18 0.73 inch of water. The expansion loss 18 then 0.145
inch of water.

The total alr-inlet-header loss 1s then the sum of the
turning and diffuser lossses - or 0.37 1lnch of water.
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Heat-exchanger logseg.~ The lose in the heat exchanger
was assumed to reeult from frlictlon on the plate surfacee and
expansiones in the three corrugations running traneveree to
the alr flow and in the outlet end of the plates. (See fig.
2.) The friction loes was calculated ueing the Fanning equa-
tion (reference 4) and 1e 1.12 inches of water at the design
flow rate,

Since the expansions have an included angle larger than
50°, the loeses are approximately equal to those in sudden
expanslonsg, formula for such losses appears in reference 3
and in thls case the total loss for all four expanelons 1lse
2.02 inches of water,

The total heat-exchanger loes 18 3.14 inches of water at
the deelgn flow rate.

Outlet-header losseg.- Since the contractlon 1le gradual,
the princlpal loss occurring in the ontlet header was assumed
to result from tlie elbow. Data in references 2 end 5 were
used. For a value of 8f/c of about 0.3, the loss factor 1is
0.2. As a cleck, 1f tke vanes are omltted, the loss corre-
sponding to a mean-elbow radilus/diameter ratio R/D of 1 has
a valus of 0.,25. Thls is noneidered Yo be good Agrsement and
the loas corresponding to a veloclty head of 0.85 inch of
water 18 about 0.17 iuch of water.

Over-all loss.- By addlng together the above calculated
values a result of 3.68 lnches of water 1s obtalned fer the
pressure loes 1n the alr eslde of the lnstallatlion at deslgn
flow rate.

The calculated values of pressure losses 1n the alr-
glde ducting are plotted in figure 5.

Gas-Side Lossesn

Inlet-header losses.- As the alr (dnring isothermal
testn) entors the inlet header (fig. 4(a)), it 1s imumedlately
turned through approximately 90° in an elbow having a circu-
lar cross section. ¥ollowing the turn i1t passes through an
expanselon 1ln duet area. An elbow which 1s followed by a
stralght sectlon of duct cavees a lower pressure lose than
one wtich 18 not, because of recovery in the duct., This ef-
fect ie shown 1n refsrence 5 for rectangular ducte. The same
refarencs presente data only on circular elbowe which are
followed by stralght ducte; therefore, in order to apply
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thecse data to the gas 1nlet header, thae loss was lncreased
by the comparable difference between the curves for rectangu-
"Tar ducts. - ’

Thus, for an R/D of 0,85, the elbow loss factor is
0.33, and by adding 50 percent (from comparison with rectan-
guler ducts{ the loss becomes 50 percent of the veloclty head -
or 0.52 inch of water,

Similar to the above calculatlon, the effect of the ol-~
bow on the diffuser loss le expected to bes appreclable in
thlis case. Because of the separatlon of flow at the lnner
radius of the elbow, the air 1s not diffused uniformly, and
1t 18 expected that the use of data on strailght: diffusers
wlll result 1n an underestimate of the loss. In this case
the loss was assumed to be equal to that 1n a sudden expan-
slon. The loss was calculated to have a value of 40 percent
of the change 1n veloclty head, or abont 0.35 1lnch of water.

The total calculated loes 1n the inlet header i1s then
the sum of the two losses, or 0.87 1inch of water at the de-~
8lgn flow rate of 12,000 pounds of alr per hour.

Heat-oxchanzer losvee.- In effect, there are 88 parallel
passagas thro:gh the gas slde of the heat exchanger, since
the 22 passages between the plates are each divided into four
by the corrugations shown in figure 2. It le assumed that
the flow 1e equally divided between the passages, and that
the calculation of the pressure drop through any one passags
18 the same as that of the entire exchanger.

Using the Fanning equation, as for the alr side, the
frictlon proessure drop was calculated to be 0.56 inch of
wvater at the total flow rate of 12,000 pounds of alr per hour
through the heat exchanger.

- The only expanslon loss occurs at the outlet end of the
passage and, as before, 1ts loss 1s consldered to be equal
to that of a sudden expansion. 8ince the area ratlo 1s 2.3,
this loss amounts to 0.28 1nch of water.

The sum of the heat-exchanger losses 1s then 0.84 1lnch
of water at the ddslgn flow rate.

Outlet-header logsses.- As shown 1in figure 4(Db), the gas
outlet header conslsts of a comblnatlon wye and a contracetlion.
Thig sheve 1s too irregular to lend 1teelf to elementary anal-
ysls. It will be noted, however, that a 90° turn occurs in
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the branch to turbosupercharger 1. If, under the conditlon

- of operation when the flow 1is equally divided between the two
turboauperchargera. the total pressures are the same 1n each
branch upstream of the elbow, then any dilfference downstrean
should be the result of the turning loss 1n the elbow. This
18 the only loss that was calculated for the gas outlet header.

A flow rate of 6,000 pounde per hour through the elbow
corresponds to a total flow rate of 12,000 pounds per Lour
through the heat exchanger, and for an R/D of 0.75 in the
elbow the loes 1s 36 percent of the veloclty head ~ or 0.323
Ineh of water.

Over~all losseg.~ The over-all pressure loss on the gas
side has been calculated only for the condition where the flow
18 equally divided between the ducts leading to the two turbo-
suverchargers. This value for the branch of the system lead-
ing to turbosupercharger 2 1s the sum of the inlet-header and
heat-exchanger losses, and for the branch leadling to turbo-
supercharger 1 18 the sum of the inlet-header, heat-exchanger,
and outlet-elbow losses. The two values are 1,71 and 2.06
inches of water, respectively, at the deslgn flow rate.

The calculated values of pressure losses in the gas-slde
ductinz are plotted in filgure 6.

DESCRIPTION OF T3IST APPARATUS

The heat exchanger and headers were assembled and teusled
for l1sothermal pressure losses in the arrangements showa in
figuros 7 to 10, As seen in thess flgures, a number of dif-
ferent arrangements were tested. It was posslible in this
manner to determine not only the pressure losses in the vari-
ous parts, but also the magnitude of the interference effects.

The butterfly valve upstream of the venturl meter 1in the
duct to turbosupercharger 1 (flg. 10) was shown by the tests
to have a negliglble effect on the accuracy of the venturl
under the condlitlions of the tests.

The pressure rakes and traversing shilelded total- and
statlic-pressure tubes shown 1n figure 11 were used 1in making
the pressure measurements. The manometers on which these
preesures were indicated are shown in figure 8. 1In all cases,
the multliple~tube manometere were used with the pressure rakes
and micromanometers with the traversing tubes shown in flgure
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11(b). These micromanometers are mechenically driven and are
set up to indicate a single differential pressure to a least
count ¢f 1 millimeter of fluid (in thie case, water). The

use of multiple-tube manometers, together with the pressure
rakes, made 1t possible to obtain instantaneous flow patteras
on the entlre dlameter of the ducts. The shielded total pres-
sure tubes were used in reglons where the direction of flow
was uncertain. These tubes will indicate the correct total
pressure when yawed through angles up to 60° from the direc-
tion of flow.

TEST PROCEDURE

The measured values of pressure losses in the heat-
exchanger installation were obtalined from the followlng ar-
rangements. The general purpose of the procedure was to ob~
tain as many cross checks on the data as were practical.

(a) The arrangements shown in figure 8 were used in ob-
taining the data on over-all pressure losses.
It was 1n thie form that the installation was
originally designed.

(b) "he losses in the heat exchanger were determined
with the arrangements shown in figure 7, the
stralght headers allowing measurement of the
losses as unaffected by the headers.

(c) Pigures 9(a) and 10(a) show the arrangements in
whioh the header losses were measured with the
heat exchanger in place. These arrangements are
identical with those in figures 8(a) and 8(Dd)
except that traversing sections have been in-
serted between the headers and the heat exchanger.

(a) Pigures 9(b) and 10(b) show arrangements used in
measuring header losses with the heat exchanger
removed.

The above~outllined procedure has made 1t posslidble to use
the data from two independent tests in plotting the values of
pressure loss 1n each part. In the case of the exhaust-gas
glde of the 1nstallation, two conditions of operatlion were
investigated. Referring to figure 10, under one condition
the bransh to turbosupercharger 1 was blocked off and all alr
vas directed to turbosupercharger 2, and, under the second
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condition, the alr flow was equally divided between the two
turbosuperchargers. The over-all pressure losses were meas-
ured under both conditions. The radial locatlons at which
pressure measurements were obtalned in the round ducts are
glven by the rake detalls in figure 11(a)., ¥For the rectan-
gular ducte in which the traverses were made, the duct crose
section was assumed to be divided into 25 equal-area squares
and pressure measurements were taken at the center of each
square,

TEST RESULTS

The experimentally determinad values of pressure losses
in the alr side of the installation are presented in flgure
5 and those in the gas slde in figures 6(a) and 6(b).. The
difference between the pressure losses determined with ar-
rangemente (c) and (d) in the test procedure was negligible
and test pointe from both arrangemente are presented in the
curves in these figures,

Zach teset point represente the difference between aver-
age total pressurees at statione upstream and downetream of
the duct component. The average pressure at a statlon was
obtained from 20 total-pressure readings in the case of the
round ducts (for locatione, see fig. 11(a)) or from 25 total-
pressure roadlngs at the centers of as many equal-area rec-
tangles 1n the rectangular ducting.

In order to show the effect of the headers on the pres-
sure loss in the alr and gas passages of the heat exchaugzar,
additional data were taken using the arrangements shown in
figuree 9(a) and 10(a). These data are compared in figure 12
wlth those taken uslng the arrangement 1ln flgures 7(a) and
7(b). Likoewiee, to show the effect of the traversing sec-
tions (which were installed between the headers and heat ex-
changoer to measnre the header losses) on the over-all pressure
loss, data taken from the arrangements shown in figures 8(a),
8(b), 9(a), and 10(a) are plotted in figure 13,

ACCURACY OF MEASURIMENTS

From a conslderation of the readabllity of the manometers,
accuracy of venturl constants, and flow conditlions in the in-
stallation, the flow rates are thought to be accurate to with-
in 2 percent, and the values of over-all pressure losses
wlthin about +b percent of the meamsured values.
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Because of large-~scale turbulence coupled with complete
reversals of flow in the reglons between the headers and heat
exchanger, the accuracy of predasure-loss measurements in the
heoaderse 1s belleved to be of the order of 10 percent of the
measured values.

DISOUSSION

A comparlison of the analytical and experimental results
in figures 5, 6(a), and 6(b) indicates that the predicted
values of the losses were, 1In general, sllightly low. The
agreement belng generally closer than 30 percent indicates
that the analysls 1s applicable and 1s evidence of the fact
that the 1nterference effects did not cause a large increase
In the loesses 1n thils 1inetallation over the predicted values
in which the 1nterfersnce was assumed negliglble.

The experimsntal and analytical results from flgures 5,
6(a), and 6(b) are presented in bar-graph form im figures 14
and 15 for comparison of the losses in the component parts.
The agreement between the experimental and analytical values
for the over-all vpressure loes 1s better thaa those for the
component parte because of the moreg accurate measursment of
over-all pressures.

Wnen the values of mesasursed pressurc lossss 1in the com-
vonent partes of the gas side of the 1lnstallation are addsd
togethoer, the summation oxceeds the measurod value of over-
all pressure loss by the amount shown in fligure 15 as exrver -
imental error in measurlingz component losses. This diffurence
18 attributed to the difficulty of making accurate measure-
ments 1n the reglons between the gas headers and heat ex-
changer. A glmllar dlfference between the summation of in-
d@lvidual and over-all losses 18 not evident in the alr duct-
ing (fig. 14) where the large separation effects are not
present and resulting measurements are more accurate.

The difficulty in obtaining accurate measurementes 1n the
reglon between the headers and heat sxchanger 1s further em-
phaslzed by the comparison of gas-~slde data for the two con-
ditions shown 1in figure 12 where the installation headers ap-
pear to raduce tke pressure loss 1in the gas slde of the heat
exchanger, Such an effect 1s improbable and thie difference
ls attrlbuted to inaccuraclies in measurement.

A header of the type shown in figure 4(a) 1s undesira-
ble, not only because of the excesslive pressure loss (in fig.
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15 the pressure loss in the inlet header 1s shown to be larger
_tkan that in_the heat exchanger), but aleo because of the un-
sven dlgtribution of flow into the heat exchanger. FTlow dis-
tribution in the various parts of the installation is shown

In figures 16 to 19. It 1s to be noted that, while the heat
exchanger has an appreciable damping effect on the distribdu-
tlon, figure 18 shows the uneven distributlion caused by sep-
aratlon in the 1lnlet header to perslst into the region down-
stream of the heat exchanger.

One of the values in thies type of analysis 1s in the lo-
cation of losses which cannot be 1solated experimentally.
The test resulte can only indicate the magnitude of the loss
through the duct component, and offer no clue to the cause of
the loss or the distribution of the loss among several causes,
Thus, without an analytical apvroach, the large coantribution
(f1g. 14) of the expansion losses in the exchanger to the
over-all loas across the exchanger might not be suspected,
The corrugation expansion losees in the alr side, which are
not present in the gas side, plus the increased firiction re-
sulting from narrower gaps on the alr side comblne to cause
the alr-side loss to e over five tlimes as large as the gas-
side loss.

The mgreement between the analytical and experimental
values of over-all prossure loss on -both slides of the instal-
lation shows that it 1s possibdle to predict analytically the
magnitude of the losses in & dueting system of thls type.
Jowevor, it 1is obvious that there i1s a need for lnvestiga-
tions of interference effects, particularly in expanding el-
bows of the type appearing in this 1lnstallation.

In the ducting arrangements used 1n the present inves-
tigation, the air was drawn into the lnstallation through
short bell-entry ducts. 4ir delivered to the test rsglon
through such entries has a low~turbulence level and there 1s
little opportunity for the growth of boundary layers at the
walls. Several investigators have shown that when the flow
1s more disturbed and when thick boundary layers are present
in the supply duct, the loesses, particularly 1in diffugers,
are increased becauss of the more favorable conditlons for
the occurrence of separation. It 1s probable that the inlet-
header losses in this installation would ‘necrease under such
condltlions; however, 1t 1s not posselble at the present time
to predict thelr magnitudes. This polnts to the need for
systematlic investigations of the effects of i1nitilal turdbulence
and flow conditions.
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CONCLUSIONS

l. Isothermal pressure losses can be predicted analyt-
lcally in the type of ducting system which may be broken down
into the elementary forms of elbows, dlffusers, and stralght
ducts for which pressure-loss data are published.

2. Por duct installations simllar to that tested, in
which the interference effects may be reasonably assumed to
be small or negligible, the summation of the calculated
losses for the indlvidual conponents wlll bo in close agree-
ment with experimentally determined values of the over-all :
pressure loss.

3. The large-scalc sevaration occurring 1n voorly de-
slgned exvanding elbows results in uneven flow distridution
and increased pressurs loss. The results of this investlga-
tion indicate that the losses in such elbows can be predicted
analytically with a fair degree of accuracv, but expsrimental
values of the losses are subject to the uncertalnties of
pressure measurements in reglons of uneven flow distribution.

Ames Asronautical Laboratory,
National Advisory Commlittee for Aeronautics,
Moffett Field, Calif.
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Figure 1.- The exhaust-gas-to-air heat exchanger.
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(a) Air side

Figure 8a,b.- Ducting and instrumentation for measuring the
over-all pressure loss in the complete heat-
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(b) Gas side Figure 8.~ (Conoluded).
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NACA ARR No. 5C19 Fig. 12
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